Abstract A manipulation technique based on optothermally generated surface bubbles is proposed in this paper. The manipulation and assembly of microstructures are completed by using bubbles. In addition, the hydrogel microstructures are also used as microrobots driven by the bubble to operate and pattern the microspheres. Considering that many materials and lasers with different wavelength have been used for generating bubbles by optothermal effects, absorptivity and transmissivity are used as indicators of selections. Besides, the size of the bubble can be controlled by the frequency and time of the laser. This technique is supposed to be applied for manipulation of cells, microparticles and microstructures.
I. INTRODUCTION
In recent years, bubbles have been applied in microfluidics and micromanipulation. For example, air bubbles can play a role of pumps in microfluidic systems, for they are insoluble, compressible, and controllable [1, 2] . By changing their positions in the devices, bubbles can role as valves [3, 4] , mixers [5, 6] and other functional components [7, 8] . Additionally, bubbles can also be employed in manipulation of micro-objects. Several techniques are used to generate and control bubbles for micromanipulation, such as optothermal effect [9] [10] [11] [12] and electrowetting-on-dielectric [13, 14] . Since the movement path of bubbles on the electrowetting electrodes is limited by the arrangement of electrodes, the application of bubbles generated optothermally is more extensive in particle and cell manipulation.
To generate a bubble, a beam of light is focus to a spot of a chip, the energy of light is absorbed and conversed into thermal energy by the absorbing surface, and then the area where the light is focused and the fluid nearly heat up [15] . When the bubble is generated, a convective flow caused by the temperature gradient and the microparticles can be attracted towards and attached to the surface of bubble. By moving the position of laser, the microspheres can follow the motion of bubble. However, the size of bubble will increase continually and it is hard to unload the objects. Another manipulation method is to make the laser work periodically, a bubble is generated optothermally when the laser is on and disappears when the laser is off [16] . The micro-bead is moved a distance in every short period so that it can be manipulated in cycles. This technique has also been used for cell membrane poration to promote molecules delivery [17, 18] . Besides, the laser induced bubbles can also be employed to drive hydrogel microrobots for manipulation and assembly of particles, cells and microstructures [19] .
In this paper, a new ring microrobot driven by a persistent bubble on the surface of absorbing layer was applied to operation and pattern of micro-objects. In order to avoid the rapid expansion of bubbles and maintain them in a suitable size range, a square signal is used to control the switching state of laser. In our experiments, the size of bubble generated by optothermal effects increase and shrink periodically, but does not dissolve. To produce bubbles, metal and silicon are commonly used as absorbing surface, and laser of different wavelengths are selected [12, 15, 16] . We have analyzed and compared these materials and lasers in terms of absorption and transmittance of light, and chosen the amorphous silicon (-Si) and laser with wavelength of 980nm. The microrobots made of poly(ethylene glycol) diacrylate (PEGDA) are fabricated tup [20, 21] . Since the ring hydrogel structure is hollow, a bubble was generated in the middle of it. The micro-object can be pushed by the microrobot driven by a bubble, avoiding the direct contact with bubble.
II. MATERIALS AND METHODS

A. Experimental Setup
The devices used in our experiment is shown in Fig. 1 . A chip consisted of substrate and absorbing layer and a laser are necessary for generation of the bubble. The thickness of gold and -Si are 50nm and 1m, and the corresponding substrate are 1.2-mm-thick silica glass and 1.1-mm-thick coated with indium tin oxide (ITO) respectively. The wavelength of laser used in our experiment is 405nm or 980nm. To increase the energy density of laser, a lens (25X, NA=0.40) is employed to make the laser focus on the absorbing layer. A mirror is place between the laser and lens so that the laser can be installed horizontally to reduce the total height of the experiment system. Two mirrors with different parameters (BB1-E02 or BB1-E03, Throlabs Inc., Newton, NJ, USA) are used to match the lasers. In order to make the laser movable, the laser as well as mirror and lens is connected to a 3-axis stage, not shown in the figure. Besides, a function generator (ArbStudio 1102, Teledyne LeCroy Inc., Chestnut Ridge, NY, USA) and a microscope are also included.
B. Selection of Chips and Lasers
In actual, bubbles can appear on the surface of many materials as long as enough energy is transformed form light to heat. To choose the appropriate combination of chip and laser, we study two most commonly used materials layer (gold and -Si) and wavelength (405 nm and 980 nm) of laser in micromanipulation base on optothermally generated bubble. Several factors such as optical absorption rate of the materials, mobility of bubbles, and difficulty of manipulation are taken into account. When a beam of light hits on the surface of the layer, part of it is reflected, and the other part is absorbed or pass through the layer. The absorptivity and transmissivity of the layer is affected by thickness, material and wavelength of the light, and can be computed by solving Maxwell's equations [23, 24] :
where B is the magnetic induction fields, E is the electric fields, JB is the fictitious magnetic-charge current density; D is the electric displacement, H is the magnetic fields and J is the electric-charge current density. The layer is -Si with a thickness of 1m or gold with a thickness of 50 nm.
Laser with wavelengths of 405nm and 980nm represent ultraviolet light and infrared ray. The reason for not using visible light as the light source is that a high intensity laser may affect the observation of the experiment. The rates of absorption and transmission are shown in Tab. I. To verify the calculated results, the transmissivity of laser with different power measured experimentally is compared with the data in the table. The power of laser corresponding to the current values in Fig. 2 was 35, 59 , 86, 117, 259 and 392 mW. For the gold layer and the laser with a wavelength of 405 nm, the theoretical rate of transmission is 15.76%, similar to the results measured in experiments. Besides, the results of other combinations materials and lasers were also in good agreement with the calculated data. Since gold hardly absorbs the laser with a wavelength of 980nm, this combination will not be used in our experiments. Bubbles can be generated optothermally on the surface of both materials, as shown in Fig. 3 . To generated a bubble at specific location and control its movement, it is necessary to know the position of the laser spot. However, the rate of transmission is two low when a wavelength of 405nm shines on the layer of -Si, which makes it difficult to the observe the location of laser spot, as illustrated in Fig. 3(c-d) . Therefore, this combination is also excluded, despite its high absorptivity.
To determine the absorbing material and corresponding laser, other factors need to be compared. For example, the melting point of gold is lower than that of -Si, so that the gold layer may be scratched by the laser with high energy density [24] . Besides, the surface roughness of layer should be as small as possible. In conclusion, -Si was chosen as the absorbing material and the corresponding wavelength of laser is 980nm. In Fig. 3(a-b) , the laser spots were large and irregular, to solve this issue, a diaphragm (SM1D12CZ, Throlabs Inc., Newton, NJ, USA) was used so that the spots in Fig. 3(c-f) were smaller circles. 
C. Fabrication of Hydrogel Microstructures
Microstructures of different shapes were fabricated and used in our experiments. A concave and a rectangular structure were assembled by using bubbles. And the annular microstructures were used as microrobots to manipulate microparticles. All the microstructures were polymerized using a digital micromirror device as the light modulator [20] . The mechanism of fabrication process was polymerization induced by UV light. Free radicals were generated when the photoinitiator, diphenyl(2,4,6-trimethylbenzoyl)-phosphine oxide (Sigma-Aldrich, St Louis, MO, USA), was exposed to irradiation of UV laser and then reacted with PEGDA (Mn 700, Sigma-Aldrich, St Louis, MO, USA) monomers. In this process, free radicals initiated the polymerization and played an important role in the fabrication of microstructures. When using the microstructures, sodium dodecyl sulfate was added in the solution to make their surface smoother and avoid the adhesion to the layer.
III. RESULTS AND DISCUSSION
After the material of absorbing layer and the wavelength of laser were selected, the control of bubble size has also been solved by introducing transistor-transistor logic (TTL) signals. Using a bubble which is stable in size and mobile on the surface of layer, microstructures can be manipulated and assembled. In addition, the annular hydrogel structures have also played a role as microrobot driven by the optothermally generated bubble. The microrobots kept the bubbles out of direct touch with the microparticles so that the objects can be unloaded. At least, manipulation and pattern of microspheres have been completed by the microrobots.
A. Size and Movement Control of the Bubble
In previous work, it is proposed that the size of bubble was related to the intensity of laser and the time of irradiation [25] . A bubble usually grows rapidly in the first few seconds after generation, and then the rate of increase decreases gradually. To keep the size of bubble in a stable rang, TTL signals are introduced to modulate the laser. When the voltage of signal is higher than 0.5 V, the state of laser is on; otherwise, it is off. In our experiments, square wave signals with various frequencies and duty ratios generated by the function generator are used, and the voltage values of low and high levels are 0 and 1, respectively. The larger the duty ratio, the larger the diameter of the bubble, as shown in Fig. 4 . The power of the laser were 40 mW, and the frequencies were all 100 Hz. When using the signal with a duty ratio of 10% and 20%, the diameter of bubble tended to stabilize after 10s. However, the bubble grew persistently when the duty ratio of signal is higher than 50%. Simulations of the temperature of chip including absorbing layer and glass substrate were shown in Fig. 5 . Since the laser was modulated by TTL signals, the total irradiation time and heat generated by optothermal effects were affected by the duty ratios of square waves. Therefore, the higher the duty ratio, the higher the temperature of the chip. The frequency of the signal used in simulations was 100Hz, the same as the experiment of Fig. 4 . The highest temperature of the chip is used to represent the temperature, and the simulation time is the first ten cycles, that is 0.1s. As shown in Fig. 5(a-b) , the temperature rose rapidly when the laser was on and fell fast when the laser is off. When the laser worked continually, the temperature increased slowly, as shown in Fig. 5(c) . Since the bubble is generated by optothermal effects, the bubble appears on the position where the laser is focused on chip. When the position of light is moved using the stage, the bubble also moves on the surface of layer accordingly. In this way, the location and movement of bubble can be controlled. In order to use the optothermally generated surface bubble in manipulation and assembly of micro-objects, we need to control its size and movement at the same time. An experiment shown in Fig. 6 is designed to demonstrate the ability to control bubbles. At First, four bubbles with similar diameter were generated on the surface of layer in turn. And then, a new bubble generated and controlled by optothermal effects was moved along a specific path on the surface, run into the existing bubbles and merged with them successively, just like playing the snake game using bubbles. In this process, the size of the mobile bubble become larger significantly after a bubble was amalgamated. Eventually, the diameter of the mobile bubble increased from 15 m to 40 m. 
B. Manipulation and Assembly of Microstructures
Using the optothermally generated bubble, hydrogel microstructures fabricated by using the DMD-modulated UV light pattern can be moved, fixed and assembled. When a bubble was moved towards a microstructure on the surface of absorbing layer, the microstructure would be pushed and moved in the same direction as the bubble. In addition, when a microstructure was stationary and another one moved towards it, assembly of two microstructures could be finished. Fig. 7 demonstrates the manipulation and assembly process of two microstructures with different shapes. In the first experiment shown in Fig. 7 (a-d) , the assembly failed because the concave structure was not fixed on the surface and would move when the rectangular structure hit it. In order to solve this issue, a bigger bubble was generated near the concave structure to make the microstructures fastened. To produce the big bubble, the TTL signal was turned off and the laser was irradiated on the absorbing layer continuously. As show in Fig. 7 (e-h) , the assembly of concave structure and rectangular structure were completed by using two bubbles, one of which is immovable and the other is mobile. In summary, by using the optothermally generated surface bubbles, manipulation and assembly of microstructures can be accomplished. Figure 7 . Manipulation and assembly of microstructures using bubbles. (a-d) Failed assembly of microstructures using one bubble for the cancave structure moves when the rectangular strucute touches it. (e-h) Successful assembly of microstructures using two bubbles, the bigger one is used to fix the concave structure.
C. Manipulation using the Microrobot Driven by Bubble
In this section, a new annular microstructure, shown in Fig.  8(a) , was used as a robot to manipulate micro-objects. The inside and outside diameter are 50 and 170 m. When using a bubble to operate and move microparticles directly, the main problem is to separate the objects from the bubble after manipulation. Besides, the changing heat field and the resulting flow field make the position microballs relative to the bubble unstable during the operation. To keep the micro-objects out of direct contact with the bubble, the circular microstructures which are driven by the generated and controlled optothermally bubble are introduced. In the non-contact manipulation method, a bubble was produced when the light spot moved to the middle of the ring microrobot, as shown in Fig. 8 . By controlling the movement of the laser spot, the microrobot would be driven by the bubble and move along with the bubble. In this way, the annular structures can be used as microrobots to manipulate the microparticles. As shown in Fig. 9(a-d) , by using the microrobot driven by a bubble, a microsphere could be moved and unloaded. When the micro-object was transported to the specific position, the microrobot moved in other directions, leaving it at the destination. The outside diameter of microstructure used in this experiment is about 130 m, smaller than the previous one. M patterns by repeating the operation process, as illustrated in Fig. 9(e-g) . Microspheres with different materials were used. The microparticles in Fig. 9(a-e) and Fig. 9 (f,g) were barium titanate glass and silicon dioxide balls. 
IV. CONCLUSION
A manipulation technology using optothermally generated bubbles and hydrogel microrobots driven by the bubble was proposed in this paper. The high intensity of power promoted the generation of bubble when a laser beam was focused at the absorbing layer of the chip. To select and use the appropriate material of layer and wavelength of laser, the frequently used materials and lasers were compared in different aspects. Besides, the square wave signal was introduced to control the switching state of laser and the size of bubble. The optothermally generated surface bubble were employed to manipulate and assemble the hydrogel microstructures. However, the bubble was not suitable for direct operation of microballs for the force of heat induced flow was not stable. Since the hydrogel structures can be moved by the bubble, annular microrobots were designed and fabricated. When a bubble was generated in the middle of a microstructure, the microrobot were driven by the bubble and used to manipulate and pattern microparticles. Additionally, the manipulation was conducted in an open chip environment. This manipulation method should be compatible with cells so that it is expected to play a role in biology, medicine and other fields.
